Dynactin is a multisubunit protein complex necessary for dynein function. Here, we investigated the function of dynactin in budding yeast. Loss of dynactin impaired movement and positioning of the mitotic spindle, similar to loss of dynein. Dynactin subunits required for function included p150 Glued , dynamitin, actin-related protein (Arp) 1 and p24. Arp10 and capping protein were dispensable, even in combination. All dynactin subunits tested localized to dynamic plus ends of cytoplasmic microtubules, to stationary foci on the cell cortex and to spindle pole bodies. The number of molecules of dynactin in those locations was small, less than five. In the absence of dynactin, dynein accumulated at plus ends and did not appear at the cell cortex, consistent with a role for dynactin in offloading dynein from the plus end to the cortex. Dynein at the plus end was necessary for dynactin plus-end targeting. p150 Glued was the only dynactin subunit sufficient for plus-end targeting. Interactions among the subunits support a molecular model that resembles the current model for brain dynactin in many respects; however, three subunits at the pointed end of brain dynactin appear to be absent from yeast.
biochemical subcomplex with Arp11. The filament has a shoulder near its barbed end (12) composed of the p150 Glued , dynamitin and p24 subunit. p150 Glued protrudes from the shoulder as a flexible extension.
Saccharomyces cerevisiae homologues have been described or suggested for all the dynactin subunits except for the pointed-end components p62, p27 and p25. The yeast protein Arp10 can be considered to be a member of the Arp11 family or the sole representative of its own family (13 -15 ) . Arp10 interacts with the pointed end of the Arp1 filament, based on a compelling set of genetic and biochemical evidence (16) . Neither Arp10 nor the barbed-end capping protein Cap1/Cap2 has been described as important for dynein function in yeast (2 , 11,17 ) . Moreover, no functional link of capping protein to dynactin has been described despite the clear biochemical association in vertebrates. The barbed end of the yeast Arp1 filament appears to interact with dynamitin/Jnm1 and p150 Glued /Nip100 (17) , consistent with structural and biochemical studies of the vertebrate dynactin shoulder.
Dynactin is necessary for dynein to function, but how and where dynactin contributes is not well understood. Based on genetic and cell biology results, a number of dynactin subunit genes lie in the dynein pathway, indistinguishable from genes encoding dynein, Num1 and other essential elements. For example, the dynamitin/jnm1 null mutant phenotype resembles that of the dynein/dyn1 null mutant (18) , as do the phenotypes of the Arp1/arp1 null mutant (2) and the p150 Glued /nip100 null mutant (19) . In localization studies, dynamitin/Jnm1 was observed on the daughter-bound spindle pole body (SPB) (18) and p150 Glued /Nip100 was seen on both SPBs (19) . Biochemically, interactions among the Nip100, Jnm1 and Arp1 proteins have been observed (19) .
Here, we investigated the function of dynactin complex with a combination of approaches. We studied a number of dynactin genes and subunits to understand their relative contributions to the process, and we investigated interactions between dynein and dynactin. Dynactin was present at the plus end of cytoplasmic microtubules along with dynein, and the presence of dynein was necessary to target dynactin to the plus end. Dynactin localized with dynein at the cortex as well, and loss of dynactin caused dynein to accumulate at the plus end and fail to appear at the cortex. Our results suggest that dynactin's role is to offload dynein from the microtubule plus end to the cortex.
Results

Yll049w as a dynactin p24 homologue
To identify novel components and regulators of the dynein pathway, we screened the Research Genetics collection of viable null haploid mutants. Strains were grown in the cold and scored for appearance of two or more DAPI-stained bodies in single unbudded cells or mothers of small-budded cells, which reflects delayed or failed movement of the spindle into the motherbud neck. The yll049wΔ mutant had a strong phenotype, consistent with complete loss of dynein function. The YLL049w is predicted to encode a polypeptide of 179 aa. BLAST and Pfam searching did not reveal any regions of significant similarity with known protein motifs, domains or polypeptides. YLL049w was named LDB18 based on a 'low-dye-binding' phenotype in a screen for genes involved in phosphorylation of oligosaccharides (20) .
We performed a genetic analysis to test whether YLL049W is necessary for function of the dynein pathway. The yll049w null mutant had a strong cold phenotype, noted above, characteristic of dynein pathway mutations. Budding yeast employ two major pathways to achieve nuclear segregation -the Kar9 pathway and the dynein pathway. Null mutations in one pathway have little effect on growth, but cells lacking genes in both pathways grow very poorly. By tetrad analysis, the yll049wΔ mutation showed a synthetic growth defect with kar9Δ (11 of 11 yll049wΔ kar9Δ double mutants grew as microcolonies) but not with dyn1Δ (12 of 13 yll049wΔ dyn1Δ double mutants grew normally, and one grew as a microcolony). Thus, the genetic properties of YLL049W place it in the dynein pathway.
Dynactin is necessary for dynein function, and our screen identified several genes encoding dynactin subunits, including Arp1, p150 Glued /Nip100 and dynamitin/Jnm1 (Lee, Li and Cooper, unpublished data). YLL049W was identified as an element of the dynein/dynactin pathway in a congruent gene analysis of synthetic lethal interactions in genome-wide screens (21) . Yll049w was found to interact with dynamitin/Jnm1 in a genome-wide two-hybrid screen (22) . Therefore, we hypothesized that Yll049w was a subunit of dynactin complex.
We asked whether Yll049w was biochemically associated with known dynactin subunits at endogenous expression levels. p150 Glued /Nip100 was pulled down from a wholecell extract using a tandem-affinity purification (TAP) tag integrated at the NIP100 locus. We probed for the presence of Yll049w and known dynactin subunits. Yll049w, Arp1, Arp10/Arp11 and dynamitin/Jnm1 were detected in precipitates from the TAP-tagged p150 Glued /Nip100 strain but not in precipitates from a negative control strain lacking the TAP tag ( Figure S1A ). As another negative control, the septin Cdc3 was not found in the precipitates.
Based on molecular mass, Yll049w was potentially homologous to any of the three small dynactin subunits -p24, p25 or p27, none of which had been identified in budding yeast. In a phylogenetic analysis, we aligned Yll049w with p24, p25 and p27 subunits from a wide range of species. Yll049w clustered with the p24 homologues in a phylogenetic tree, separated from p25 and p27 ( Figure S1B ). The bootstrap value for the connection of the Yll049w branch to the tree was 100%. The secondary structure of Yll049w was predicted to be mainly α-helical by several approaches ( Figure S1C ). p24 homologues are mainly α-helical (1), while p25 and p27 subunit homologues include regions predicted to adopt an unusual left-handed parallel β-helix fold (23) . We did not find any such β-helix region in Yll049w based on the prediction program BETAWRAP and the protein-fold recognition program PHYRE.
Based on these genetic, functional, biochemical and structural properties, we conclude that Yll049w is the yeast homologue of the dynactin p24 subunit. Localization of the protein in cells, discussed next, also supports this conclusion.
Localization of dynactin
To investigate dynactin function, we localized several subunits in living cells. For high sensitivity, three tandem copies of green fluorescent protein (GFP) were fused to the Cterminus of p150 Glued /Nip100, dynamitin/Jnm1, Arp10 and p24/Yll049w by integration at the endogenous locus. Haploid strains expressing the 3GFP fusions had low numbers of cells with abnormal spindle position or nuclear segregation in the cold, indicating that the dynein pathway and therefore the tagged proteins were functional. All four proteins were found at microtubule plus ends and at the SPB, which were identified by double labeling with CFP-tubulin ( Figure  1 ).
Actin fusions are rarely functional, so we tagged one copy of ARP1 in a diploid strain with tdimer2 following the approach used to visualize conventional actin/Act1 with a non-rescuing GFP fusion (24) . Most of the fluorescence was seen in the vacuole, consistent with aggregation of non-functional protein. However, cytoplasmic puncta were also seen at the plus ends of microtubules and at the SPB (Figure 1 ). Haploid strains derived from this diploid expressing Arp1-tdimer2 as the sole form of Arp1 were viable; however, essentially, all the fluorescence in those strains appeared as aggregates in the vacuole (data not shown). Thus, all the known dynactin subunits localized to microtubule plus ends and the SPB, which are locations of dynein (8 ,25,26 ) .
To examine the dynamics of dynactin localization and to compare it with that of dynein, we performed dual imaging of dynamitin and dynein again in living cells. Jnm1-tdimer2 was the brightest dynactin subunit fusion we tested, and brain dynactin contains four copies of dynamitin, more than any subunit other than Arp1 (1). Dyn1-3GFP and CFP-Tub1 were also present to reveal dynein and microtubules. First, dynactin and dynein colocalized at SPBs and plus ends (Figure 2A) as noted above. In Movie S1, the movement of SPBs and plus ends are quite different, allowing for their unequivocal identification. Second, we looked for polarization of localization. During early anaphase, dynactin was localized to the SPB near the bud more often than the other SPB ( Figure 2B ), which has been observed for dynein (27) . The level of bias for dynactin was less than that for dynein, suggesting that dynactin may be following dynein, which will be discussed below. Dynein has also been seen to decorate and move along the sides of microtubules (8 ,25 ) , and dynactin showed a similar behavior ( Figure  2C ).
Dynein is found in stationary foci at the cell cortex (8 ,25 ) , and we observed dynactin at cortical foci in two-dimensional wide-field images ( Figure 2D ). These cortical foci were not associated with microtubules based on imaging live cells expressing fluorescent-labeled Jnm1 and tubulin. Movies of Jnm1-3GFP cells confirmed that the foci were stationary, distinguishing them from fast-moving plus ends that might have been near the cortex (Movie S1). We saw some relative differences comparing the fluorescence intensities of the dynactin and dynein cortical foci in wide-field images collected with a non-intensified CCD camera, which should provide the best representation of molecular content ( Figure 2E ). Cortical stationary foci of dynein are lost when dynein fails to function, such as in mutants lacking the cortical anchor Num1 or essential subunits of dynactin (8 ,25 ) . Here, we observed that cortical foci of dynactin, as Jnm1-tdimer2, were also lost in null mutants lacking Num1, dynein/Dyn1 or p150 Glued /Nip100 (Table S2 ). These observations are consistent with a working model in which dynactin accompanies dynein during transfer from the microtubule end to the cortex, and dynactin remains anchored at the cortex with dynein while the motor functions. Dynactin may function to anchor or activate dynein at the cortex in concert with Num1.
Quantification of dynactin content at plus ends and SPBs
We quantified the fluorescence intensities of individual dynactin subunits at microtubule plus ends and SPBs. These values were normalized to ones for fluorescent Cse4, which is a stable centromere protein present at two molecules per chromosome (28) . After movement of DNA to the poles in anaphase, one pole contains 32 molecules of Cse4. A non-intensified CCD camera and a wide-field microscope were used to maximize linearity. For Cse4-mCitrine, the histogram of intensity values for individual foci was consistent with a single distribution ( Figure 3B ). The mean intensity, in arbitrary units, was 9441, which divided by 32 gave a value of 295 au/molecule of mCitrine.
To quantify dynactin fluorescence, we examined strains expressing Jnm1-mCitrine. To avoid biasing the collection for bright foci, we visualized microtubules with CFP-tubulin in order to identify plus ends and SPBs. We then quantified the fluorescence at those locations in the corresponding mCitrine image and corrected for background fluorescence locally (29) . We included all the corrected values whether or not a spot of fluorescence was apparent in the image. At plus ends, the distribution of Jnm1 fluorescence intensity values was broad and relatively flat compared with the Cse4 distribution ( Figure 3C ). Based on a value of 295 au/ mCitrine, the values for 4, 8 and 12 molecules of mCitrine, which should correspond to one, two and three molecules, respectively, of dynactin complex were calculated and are plotted on Figure 3C . The observed values are consistent with a small number of dynactin molecules, which we would estimate at less than 5 to be conservative. At the SPB, the values were lower, suggesting the presence of even fewer molecules of dynactin ( Figure 3C ). For cortical foci of dynactin, we measured the fluorescence intensity of Jnm1-mCitrine foci of that could be identified by eye. These values were also in the range of several molecules of dynactin complex ( Figure 3C ).
An important parameter for this analysis is the range of values that constitute the background level of noise in the measurements. Each value was corrected for background on an individual basis. Pixel intensity values in a boxed region of interest were corrected based on the intensity values of pixels immediately outside of and adjacent to the box (29) . In a control strain not expressing mCitrine, but still expressing CFP-tubulin, the corrected values were centered around zero as expected, and their distribution extended to ± approximately 800 au ( Figure  3C ), corresponding to less than three molecules of mCitrine. Many of the values for Jnm1 at the SPB were above the noise level, in a range consistent with one to five molecules of dynactin, assuming four subunits of Jnm1 per dynactin. Jnm1-mCitrine fluorescence included a diffuse distribution throughout the cell, consistent with a substantial cytosolic pool of protein ( Figure  3A ). The diffuse pool was seen when comparing Jnm1-mCitrine/Tub1-CFP cells to cells expressing only Tub1-CFP.
Next, we quantified the fluorescence intensity values for strains expressing 3GFP fusions of Jnm1, Yll049w, Nip100 and Arp10. These fusions were functional, rescuing null mutant phenotypes in haploid strains. Arp1 was not analyzed because fusions function poorly in haploids, and the fluorescence distribution included a number of extraneous foci, probably aggregates undergoing degradation, even in heterozygous diploids. At the microtubule plus end, the fluorescence distributions were broad and extended to zero for all the four subunits examined ( Figure S3A ). The range of values for the different subunits was similar, including their upper bounds, except for a few extremely high values. The variance of the values precludes conclusions about the stoichiometry of the subunits within the complex, although the range of the values is consistent with the estimate above of several, less than five, molecules of dynactin complex per plus end. At the SPB, 3GFP fusions of Jnm1 and Yll049w gave similar results, with broad distributions extending to zero and consistent with several molecules of dynactin complex per SPB ( Figure S3B ).
Roles of individual subunits in localization and composition of dynactin
To investigate the roles of the individual subunits in dynactin, we examined the localization and stability of the complex in strains lacking one subunit using fluorescence localization in cells and protein pulldowns from cell lysates. The molecular architecture of brain dynactin is shown in Figure 4 for reference (1) , and the results are shown in Figures 4 and 5.
First, we counted the number of cells that displayed localization of a given GFP-tagged subunit to microtubule plus ends, to SPBs and to the cortex ( Figure 4 ). Based on the quantification of fluorescence intensity relative to Cse4-mCitrine above, dynactin subunits tagged with three copies of GFP should permit the detection of less than five molecules of dynactin complex. The frequency of observing p150 Glued /Nip100 at the plus end and the SPB in the absence of any one of the four other subunits was similar to that of wild-type (WT) cells ( Figure 4A ). Thus, Nip100 was sufficient for targeting to the plus end and the SPB. Conversely, in nip100 null mutant cells, none of the other subunits, including Jnm1, Yll049w, Arp1 and Arp11, was found at the plus end ( Figure 4B -E). Similar results were seen for the SPB, with the possible exception of a small degree of localization of dynamitin/Jnm1 and p24/Yll049w in the nip100Δ mutant, 2% and 7% of cells, respectively ( Figure 4B ,C). These small values were significant and reproducibly above background, suggesting the existence of subcomplexes. Thus, p150 Glued /Nip100 appears to be absolutely necessary or very important for the localization of every other subunit. For brain dynactin, the p150 Glued , dynamitin and p24 subunits interact in a subcomplex (1 , 11,30,31 ) . We found that for dynamitin/Jnm1 and p24/Yll049w, the localization of each protein to the plus end and to the SPB depended on the presence of the other protein as well as on p150 Glued /Nip100 ( Figure 4A -C). Jnm1 formed aggregates in the absence of Yll049w or Nip100, while Yll049w showed diffuse cytoplasmic staining in the absence of Jnm1 or Nip100 (data not shown).
The actin-like filament of Arp1 is a structural core for the vertebrate dynactin complex (1) . In addition to p150 Glued /Nip100, Dynamitin/Jnm1 and p24/Yll049w were important but not absolutely required for the localization of Arp1, based on a substantial decrease in the percentage of cells showing targeting in the null mutants, at both the plus end and SPB ( Figure  4E ). In an arp1Δ mutant, Jnm1 showed partial localization to plus ends and no localization to SPBs, while Yll049w was lost from both plus ends and SPBs ( Figure 4B ,C), and Nip100 showed nearly normal localization ( Figure 4A ) as noted above. Biochemical sedimentation analysis confirmed the importance of Arp1 for complex formation ( Figure S4 ).
The localization of Arp10 depended completely on p150 Glued /Nip100 and Arp1 and partially on dynamitin/Jnm1 and p24/Yll049w ( Figure 4D ). Arp10 was not required for the proper localization of any other dynactin subunit to the plus end or the SPB ( Figure 4A -C), with the possible exception of Arp1 at the SPB ( Figure 4E ).
The subunits were largely associated with each other. However, for wild-type cells in this assay, the ratio of the plus-end value to the SPB value was greater than one for p150 Glued /Nip100 ( Figure 4A ) and less than one for p24/Yll049w ( Figure 4C ) on a consistent basis. The ratios for Jnm1, Arp10 and Arp1 were near unity ( Figure 4B ,D,E). Biochemical sedimentation analysis of wild-type cell extracts revealed significant amounts of Jnm1, p24 and Arp10 outside of the intact complex ( Figure S4 ). Thus, subunits may exist independent of other subunits.
As a complementary approach, we performed protein precipitation assays with cell lysates of the various mutants to test for the association of other subunits with p150 Glued /Nip100. Endogenous p150 Glued /Nip100 was tagged with TAP at its C-terminus and precipitated with immunoglobulin beads added to a high-speed supernatant, an S100 fraction, of cell lysates. First, we observed that the level of p150 Glued /Nip100-TAP in the S100 input was much less when dynamitin/Jnm1 or p24/Yll049w was absent ( Figure 5B), even though the level of p150 Glued /Nip100-TAP in whole-cell extracts was not affected ( Figure 5A ). Most likely, a fraction of Nip100 is unstable and aggregates in the absence of Jnm1 or Yll049w. In Neurospora, a p24 mutant, ro-10, showed loss of p150 Glued /RO3 based on immunoblots of cell extracts (32) .
To compare the subunit composition of dynactin complex in the mutants, we adjusted the volume of each sample loaded on the gel to achieve equal amounts of precipitated p150 Glued / Nip100-TAP in each lane. Dynamitin/Jnm1, Arp1, Arp11/Arp10 and p24/Yll049w were present in the precipitates from lysates of TAP-tagged strains but not strains without a TAP tag ( Figure 5C ). Capping protein and conventional actin are found in biochemical preparations of vertebrate dynactin (1). We looked for their presence in these samples with polyclonal antibodies to the yeast capping protein β subunit, Cap2, and to yeast conventional actin, Act1. Neither protein was detected (not shown). Furthermore, capping protein was not detected in association with dynactin in a sedimentation analysis ( Figure S4 ).
Dynamitin and p24 form a 'shoulder' complex with p150 Glued in vertebrate dynactin (12 ,30, 31 ) . Here, loss of dynamitin/Jnm1 led to the complete failure of p24/Yll049w to precipitate with p150 Glued /Nip100. Conversely, loss of p24/Yll049w led to a large but not complete loss of dynamitin/Jnm1 from the precipitate ( Figure 5C ). Thus, the shoulder complex requires all three of its components for optimal stability, and dynamitin is more proximal to p150 Glued than is p24. The shoulder complex was important for the association of the Arp1 filament with p150 Glued ; little or no Arp1 or Arp10 was found in the p150 Glued precipitate in the absence of dynamitin or p24. In the cell assay where foci of accumulation were observed and counted in cells, the values for Arp1 and Arp10 were greatly decreased, but not to zero, especially for Arp1 (Figure 4) . One might expect the precipitation assay to be a more rigorous test of the stability of the association because proteins that dissociate from the pellet are washed away with buffer, while in the cell, the unbound proteins remain present in solution in the cytoplasm. Thus, Arp1 appears to be proximal to Arp10 with respect to the shoulder complex. These results are consistent with the model proposed for vertebrate dynactin ( Figure 4A ) (1).
Plus-end targeting of dynactin depends on dynein
We investigated how dynactin is targeted to the microtubule plus end and SPB by examining Nip100-3GFP localization in various mutants. We analyzed the fluorescence images in two ways -by counting cells in which foci of Nip100-3GFP were observed by eye ( Figure 6A-D) and by quantifying the fluorescence intensity from digital video images ( Figure 6E ,F and Table  S2 ).
Loss of dynein heavy chain (DHC) caused a severe loss of plus-end targeting of dynactin ( Figure 6A,F) . Dynein plus-end targeting depends on the combined action of two pathwaysNudEL/Ndl1 working with LIS1/NudF/Pac1 and CLIP-170/Bik1 working with the kinesin Kip2 (7 ,33 ) . Here, we found that the loss of Ndl1, Pac1, Bik1 or Kip2 had a strong inhibitory effect on the plus-end targeting of dynactin in both assays ( Figure 6A ,F), consistent with their roles in dynein targeting. Conversely, the amount of dynein at the plus end is increased by loss of the cortical protein Num1 (25 ,26 ) . Here, loss of Num1 also increased the level of plus-end targeting of dynactin in both assays ( Figure 6A,F) . All the results are therefore consistent with the dynein content of the plus end being a critical variable for dynactin targeting.
We considered the possibility that the loss of dynein may disrupt the localization of dynactin by destabilizing the complex. However, we found that mutants lacking dynein did not exhibit a noticeable reduction in the levels of dynactin subunits in high-speed supernatants or in the stability of the dynactin complex determined by precipitation of Nip100-TAP ( Figure S5 ). EB1/Bim1 is a microtubule-interacting protein with moderate targeting to the plus end (34 -36 ) . The loss of EB1 caused increased targeting of dynactin to the plus end in the focicounting assay ( Figure 6A ) and the fluorescence intensity assay ( Figure 6F ). The level of dynein at the plus end was also increased in the bim1Δ mutant by a relatively smaller amount, which was statistically significant in the foci-counting assay ( Figure 6A ) but not the fluorescence intensity assay ( Figure 6E ). In previous studies, dynein targeting to the plus end was not observed to change in a bim1Δ mutant with less quantitative methods (25 ,26 ) .
Dynein has four subunits -the heavy, intermediate, light intermediate and light chains. To investigate which subunits are involved in the targeting of dynactin, we examined the localization of p150 Glued /Nip100-GFP in null mutant strains ( Figure 6 ). Loss of dynein light chain (DLIC/Dyn2) or light intermediate chain (DLIC/Dyn3) caused a large decrease in plusend targeting of dynactin assayed by counting foci ( Figure 6B ) and measuring fluorescence intensity ( Figure 6F) , with substantially less to no effect on the targeting of the other dynein subunits assayed by foci counting (Figure 6C,D) or fluorescence intensity ( Figure 6E) . Thus, the DLC and the DLIC have effects on dynactin targeting that are greater than would be expected from their effects on targeting of dynein as a whole, suggesting that they play a primary role.
Loss of DHC or dynein intermediate chain (DIC) caused a large loss of dynactin targeting; however, all dynein chains fail to localize to plus ends in those mutants [ Figure 6 and (8)], so the primacy of the DLC and DIC cannot be determined.
Dynein localization in the absence of dynactin
We investigated the contribution of dynactin complex to the function of dynein by examining the localization of dynein in the absence of dynactin. In wild-type cells, dynein is observed at the highly mobile distal plus ends of cytoplasmic microtubules and at stationary foci at the cell cortex. Our working model predicts that dynein is targeted to the plus end, transfers to the cortex on contact, becomes anchored and activated, and then pulls on cytoplasmic microtubules. In previous studies of null mutants lacking the cortical anchor Num1 or certain dynactin subunits (including p150 Glued /Nip100, dynamitin/Jnm1 and Arp1), dynein intensity was found to be increased at plus ends (25 ,26 ) . Here, we found that in several dynactin mutants, including yll049wΔ, dynein was increased in intensity at microtubule plus ends (Figure 7) as expected. Furthermore, dynein was not seen as stationary puncta at the cell cortex, consistent with dynactin being necessary for dynein to transfer from plus ends or to anchor to the cortex.
If dynein is transferred from the plus end to the cortex and its accumulation is because of a failure of transfer, then one would expect the intensity of plus-end dynein to be greater at later stages of the cell cycle. To test this prediction, we quantified the fluorescence intensity of dynein at every plus end comparing G2/M and anaphase cells. The majority of wild-type and mutant cells exhibited a similar level of Dyn1-3GFP fluorescence intensity during G2/M, however we did detect increased signal in a subset of nip100Δ, jnm1Δ and yll049wΔ cells. During anaphase, the intensity observed in each mutant, with the exception of arp10Δ, was slightly greater than it was in G2/M cells( Figure 7B ). In addition, when cells in anaphase were divided into groups where the mitotic spindle was mispositioned in the mother, as opposed to occupying a normal position in the neck, the dynein fluorescence intensity was significantly greater in the misoriented spindle group ( Figure 7B , red versus green). This result is consistent with dynein accumulating at the plus end when cytoplasmic microtubules fail to make productive interactions with the cortex.
Cappers of the Arp1 filament
We asked if the caps on the ends of the actin-like Arp1 filament were important for dynactin function in cells. The length of the actin-like filament of purified brain dynactin is characteristically short and constant, with an apparently invariant number of Arp1 subunits per complex (1 ,12 ) . Purified brain Arp1 can form actin-like filaments that have a similar short length, and the length variation is small but not to the high degree observed for purified dynactin (37) . Capping protein is known to be a biochemical component of dynactin complex in vertebrate systems (1); however, in yeast, no evidence links capping protein with dynactin. We tested null mutants lacking Cap1 or Cap2, the α and β subunits of the obligate heterodimer of capping protein. The mutants showed only a small increase in the number of cells with aberrant spindle position, well below the level seen for loss of function of the dynein pathway ( Figure  S2 ). The Kar9 pathway also positions the spindle by a mechanism complementary with that of dynein. Kar9 moves microtubule ends along polarized actin cables (38) , which are somewhat impaired in capping protein mutants (39) , and this may account for the mild phenotype of the capping protein mutants here. Cells lacking dynein and Kar9 function grow extremely poorly with a greatly enhanced defect in spindle position (40) . Here, a cap2Δ kar9Δ double mutant resembled a kar9Δ single mutant in assays of growth and spindle position ( Figure S2 ). Thus, capping protein is not important for dynein function.
In Neurospora, the Arp11 homologue ro-7 is important for dynein function (41) . In yeast, Arp10 interacts with the pointed end of the Arp1 filament (16) . We found that an arp10 null mutant had only a small defect in spindle position, less than that of dynein or kar9Δ mutants ( Figure S2 ), consistent with previous results (11) . In addition, an arp10Δ cap2Δ double mutant showed no enhancement of the phenotype. Thus, the presumed cappers of the Arp1 filament are not crucial for dynactin function either alone or together. Arp1 is essential for dynactin function, so the intrinsic ability of Arp1 to regulate its length may be sufficient for function in the context of these assays.
Discussion
In nearly every eukaryotic cell, the dynactin complex and the cytoplasmic dynein motor work to organize the cytosol by manipulating the position of a variety of cargoes. Budding yeast employ dynein and dynactin for a single task -drawing the mitotic spindle across the plane where cytokinesis will occur. Here, we examined the role of dynactin in this process in order to gain insight into the contributions of individual subunits to the structure and function of the complex and to determine how dynactin contributes to the function of dynein.
We performed a systematic characterization of the subunits of the complex, including the newly discovered p24 subunit homologue. Most subunits, but not all, were necessary for dynactin to function with dynein. The p150 Glued subunit was necessary and sufficient for targeting dynactin to the plus end. The amount of dynactin complex at the plus end and the SPB was remarkably small, less than five molecules at each location. We found that dynactin was not required to recruit dynein to the microtubule plus end but that dynein was needed for dynactin recruitment. In the absence of dynactin, the amount of dynein at the plus end increased. Dynactin and dynein were both present as stationary foci at the cell cortex, but neither protein appeared at the cortex when the other did not function. Together, the results are consistent with dynactin's role being to mediate offloading of dynein from the plus end to the cortex or to assist with anchoring or activation of dynein at the cortex.
The function of dynactin
Dynactin appears to follow dynein in the cell, being targeted to the dynamic plus ends of microtubules and to foci anchored on the cell cortex. In the absence of dynactin, dynein is still targeted to the plus end, and its level there increases when the mitotic spindle fails to move. These observations are consistent with a role for dynactin in the transfer of dynein from the plus end to the cortex by direct contact, but the possibility of transfer through the cytoplasm cannot be excluded.
Another potential role for dynactin is to help anchor dynein to the cortex, which would be analogous to an accepted role for dynactin in vertebrates, if the cell cortex is considered as the cargo of the dynein motor. However, in the absence of dynein, dynactin was not seen at the cortex, contrary to the prediction from this hypothesis. Another potential role for dynactin is to promote the activity of dynein at the cortex. In biochemical studies in other systems, dynactin increases the processivity of dynein (42) , and the yeast microtubule generally slides along the cortex in one smooth motion (5) . If this was the primary role of dynactin, then dynein might be present at the cortex, but inactive, in the absence of dynactin. That is not the case. Thus, our results support a role for dynactin in offloading, and the alternative functions of anchoring and activation are not supported but not excluded.
The subunits of the dynactin complex
We found that the p150 Glued , dynamitin, Arp1 and p24 subunits are all essential for the ability of dynactin to function in the dynein pathway, which supports spindle position and thus chromosome segregation. All the subunits localize in similar patterns. The Arp10 subunit was not necessary for function, but it localized and associated with the other subunits.
Our studies of the localization, coimmunoprecipitation and stoichiometry of the subunits are largely consistent with yeast dynactin having a composition and architecture similar to that of vertebrate dynactin (1) and with studies of Arp1 and Arp10 in yeast (16 ,17 ) . We found that the shoulder complex on the side of the Arp1 filament, near its barbed end, is formed by the trimolecular association of p24, dynamitin and p150. p24 needs dynamitin in order to associate with p150 Glued , and p150 Glued needs dynamitin and p24 for optimal protein stability in solution.
Furthermore, both dynamitin and p24 were necessary for the Arp1 filament, including Arp10, to interact biochemically with p150 Glued . In cells, the absence of any one of the three shoulder proteins caused substantial decreases in the association of Arp1 and Arp10 with plus ends and SPBs. Arp10 depended on Arp1 for association with the complex as expected (16 ,17 ) . Conversely, the level of Arp1 associated with p150 Glued was decreased in the absence of Arp10 by a large amount in the protein precipitation assay and by a small amount in the cell localization assay. This discrepancy between the assays is not unreasonable; the protein precipitation assay should be a more stringent test of subunit affinity for the complex than the cell localization assay because the precipitate is washed with buffer. The cell localization assay results are also consistent with the genetic results that Arp1 is necessary for dynactin function, whereas Arp10 is not. If Arp1 was lost from the complex when Arp10 was removed, then one would expect the arp10 mutant to show loss of dynactin function.
The three subunits that make up the pointed-end subcomplex of brain dynactin -p62, p27 and p25 -have not been identified in budding yeast. A number of genome-wide searches, based on sequence, function and biochemistry, have failed to produce any positive results. In addition, the sedimentation coefficient of yeast dynactin is 15S, while that of brain dynactin is 20S [ Figure S4 ; (1 ,19 ) ]. Most likely, these subunits simply do not exist in yeast; however, the negative evidence against their existence does have certain limitations. Most important, purification of yeast dynactin complex to near homogeneity has not been achieved, which was critical for defining the composition of brain dynactin (1). In addition, searches for sequence similarity fail to identify several of the yeast dynactin subunits that have been recognized as homologues by other criteria. Finally, if pointed-end capping is dispensable for function, as indicated by the normalcy of the arp10Δ mutant, then genes encoding p62, p27 and p25 would have been missed in functional screens.
In Neurospora, pointed-end complex proteins are present, and they are important for function (41) . Strains lacking those proteins have slightly different phenotypes than null mutants deficient in other dynactin components, suggesting that the pointed-end complex may provide for the interaction of dynactin and dynein with specific cargoes, such as membranous organelles. In budding yeast, dynein appears to have no role other than to position the mitotic spindle, so its ability to interact with cargoes other than the cell cortex may have been lost along with pointed-end complex genes.
Capping protein and conventional actin have also been defined as biochemical components of dynactin purified from brain (1). Neither protein has been implicated in the function of dynactin or dynein in yeast or any other system to our knowledge (43) . Here, we found no evidence for either protein of biochemical association with dynactin or of function in the dynein pathway. However, capping protein and actin are present in relatively high concentrations in cells, so their biochemical presence in dynactin complex may have been difficult to detect. Likewise, dynein-related phenotypes may have been masked by the roles of the proteins in the function of the conventional actin cytoskeleton.
To estimate the number of molecules of dynactin that are targeted to the plus end, we quantified the fluorescence of tagged subunits using Cse4 as an internal standard, a novel approach developed for the study of the kineto-chore (28) . The fluorescence intensity values for Cse4 were well above the level of noise in the system, and the distribution of those values was unimodal as expected. The values for the dynactin subunits were much broader and extended to zero, suggesting a small and perhaps variable number of molecules. Our data are consistent with plus ends containing at most several, generally less than five, molecules of dynactin if one assumes that yeast dynactin contains four copies of the dynamitin subunit. The analysis identified plus ends and SPBs from images of microtubules, and all the plus ends and SPBs were included. Based on the level of noise, some plus ends and SPBs appear to contain zero molecules of dynactin. The analysis offers little information about the relative stoichiometry of subunits within the complex because of the wide range of the values. Additional biochemical and cell biological studies will be necessary for definitive conclusions about stoichiometry.
Subcomplexes
One interesting question for the biology of dynactin is whether subunits form subcomplexes with discrete functions in cells. For vertebrate dynactin complex, dynamitin and p24 form a stable complex in vitro, with stoichiometry identical to that of the native shoulder-sidearm complex (30 ,31 ) . Here, sedimentation of cell extracts from wild-type cells revealed pools of dynamitin, p24 and Arp10 that did not sediment with dynactin, while all of p150 Glued and some of each of those subunits sedimented as one large complex. In mutants, p150 Glued was able to localize to microtubules on its own, and dynamitin remained at microtubule ends in the absence of Arp1. Biochemically, the interaction of dynamitin and p24 with p150 Glued was not disturbed by the loss of Arp1.
Dependence between dynactin and dynein
In many systems, including yeast, dynein and dynactin localize to microtubule plus ends and the SPB/centrosome. In yeast, plus-end tracking of dynein depends on NudE, LIS1 and CLIP-170 (25 ,26,33 ) .
Here, we found that the plus-end tracking of dynactin depended on dynein and not vice versa. Dependency between dynein and dynactin varies quite substantially in different systems. In Aspergillus, dynein and dynactin depend on each other for plus-end targeting, based on localization in cells (44) , and in Neurospora, they depend on each other for interaction with membranes, based on biochemical fractionation experiments (45) . In Ustilago maydis, a filamentous fungus where offloading of dynein from the plus end to the cortex has been visualized directly (46) , dynactin and dynein are targeted to plus ends, and loss of dynactin leads to a loss of dynein (47) .
In vertebrate systems, dynactin has been found to be responsible for targeting of dynein to multiple locations, including kinetochores, membranous organelles and microtubules (48) . In COS-7 cells, dynactin is present on the distal segments of interphase microtubules, but dynein was not (49) , suggesting that dynactin targeting did not depend on dynein. In this study, dynein was observed to associate with the distal segments at low temperatures, consistent with dynactin targeting dynein. Also in mammalian cells, dynactin was found to associate with pronuclei independent of dynein during fertilization (50).
In Drosophila oogenesis, dynactin depends on dynein (51), as seen here for yeast. Dynein heavy chain mutations that impaired dynein function also disrupted dynactin localization, as did mutations in other genes that disrupted dynein function. Dynein localization in the absence of dynactin was not examined in that study; however, a biochemical analysis of dynein association with membranes from Drosophila larval brains found that dynactin was not required (52) . These results are consistent with our conclusions regarding plus-end targeting in yeast that dynactin depends on dynein but dynein does not depend on dynactin.
We investigated which subunits were important for the dynein-dependent targeting of dynactin, and we found that p150 Glued was the only subunit of dynactin that was both necessary and sufficient for targeting. In COS7 cells, p150 Glued is able to localize normally to distal segments of microtubules in the absence of Arp1, as induced by dynamitin overexpression (49); however, as noted above, dynein was not accumulated at these locations. In terms of dynein, we found that the DLC and DLIC were necessary for plus-end targeting of dynactin. Null mutants lacking these chains still showed targeting of DHC and DIC. However, mutants lacking DHC or DIC showed a failure of all dynein subunits to target as well as dynactin, so the individual roles of the DHC and DIC could not be assessed. In mammals and Drosophila, p150 Glued interacts biochemically with DIC (53 ,54 ) , and the interaction is known to be functionally relevant in Drosophila (55) .
Interactions among p150 Glued , EB1 and CLIP-170
In vertebrates, EB1 and CLIP-170 have been shown to be important for the recruitment of dynactin to microtubule plus ends. In HeLa cells, siRNA knockdown of EB1 or CLIP-170 caused a loss of p150 Glued from microtubule plus ends (56) . Biochemically, EB1 was found to associate with p150 Glued in extracts of cultured human cells (57) , and EB1 interacted with p150 Glued in experiments with purified recombinant proteins (58) . In the latter study, EB1 also interacted directly with CLIP-170, and their interaction excluded the interaction of EB1 with p150 Glued .
Here, in budding yeast, EB1 was not necessary for dynactin recruitment to plus ends. Moreover, loss of EB1 led to an increase in the amount of dynactin at the plus end, suggesting that EB1's presence inhibits dynactin recruitment. The CLIP-170 homologue Bik1 was important for dynactin targeting to plus ends, but that effect could be explained by the decrease in dynein targeting caused by the loss of Bik1.
The difference between vertebrate and yeast systems in this regard may reflect differences in the CAP-Gly domain of p150 Glued . The interaction between p150 Glued and EB1 in vertebrates involves amino acid residues Ala49, Leu51, Thr54 and Lys56 in the β2-β3 loop of the CAPGly domain (59 ,60 ). An alignment of yeast and metazoan p150 Glued sequences showed that these residues are conserved across vertebrates, but not in yeast, where the residues are Glu, Gln, Lys and Ile, respectively (not shown).
Model for the dynamics of dynactin-dynein
Our working model for the dynamic localization of dynactin and dynein is depicted in Figure  8 . Dynein and dynactin localize to microtubules, concentrating at the plus end and the SPB. Dynactin depends on dynein for plus-end targeting, and dynein depends on CLIP-170, LIS1 and NudEL. Whether the initial recruitment of dynein to the microtubule occurs at the plus or minus ends or along the length of the filament is yet unresolved. We know that the localization of dynein to microtubules is lost when the microtubule-binding domain within DHC is deleted (Moore unpublished data).
Little is known about how dynein is targeted to these locations. Dynein is primarily a minusend-directed motor in vitro, so motor activity may promote accumulation to minus ends near the SPB. However, the plus-end targeting of dynein may be explained by the motor walking in the opposite direction, which has been seen for brain dynein (61 ,62 ) . Alternatively, other plus-end proteins may hold dynein, or the plus-end kinesin Kip2 may carry dynein (7) . Obviously, much remains to be learned about dynein targeting.
In the model, dynein at the plus end moves to the cortex when a dynamic plus end encounters a focus of the cortical anchor Num1 (9 ,10,25,26 ) . Here, dynactin was also observed at cortical dynein foci, raising the possibility that dynactin may be important for controlling the motor activity of dynein during the microtubule-sliding process.
Materials and Methods
Chemicals and reagents were from Fisher Scientific and Sigma-Aldrich unless stated otherwise.
Yeast strains and manipulation
General yeast manipulation, media and transformation were performed by standard methods (63) . Strains are listed in Table S1 . Gene-deletion and epitope-tag strains were constructed by polymerase chain reaction product-mediated transformation. Tags were placed at the Cterminus of the protein with a nine-residue alanine linker, and fusion proteins were functional in assays for dynein function in haploids that expressed only the tagged version of the protein.
For ARP1, fusions did not rescue haploid null mutations, so we tagged one endogenous copy of the gene in a diploid strain following the approach used to visualize conventional actin/Act1 with a non-rescuing GFP fusion (24) . We integrated tdimer2 (12) , which consists of two tandem repeats of DsRed separated by a 12-aa linker (64) . The tdimer2 does not aggregate, and it matures with a half-time of less than 1 h.
Sequence analysis
Homologues of dynactin p24, p25 and p27 subunits, also known as dynactin3, dynactin5 and dynactin6 (1), were identified in multiple organisms by BLAST and text searching through NCBI Entrez. Their amino acid sequences and that of Yll049w were aligned with CLUSTALX/ CLUSTALW 1.83.1 (European Bioinformatics Institute, Cambridge, UK, ftp.ebi.ac.uk) and bootstrap analysis. Unrooted phylogenetic trees were produced with DRAWTREE in Phylip3.66 (Felsenstein J, 2005, University of Washington, Seattle, evolution.gs.washington.edu/phylip.html). Secondary structure prediction for multiple sequences was performed with a neural network training algorithm in the program JNET, online at www.compbio.dundee.ac. uk/∼www-jpred (65) . To look for the β-helix fold, we used the program BETAWRAP, online at betawrap.lcs.mit.edu (66) , and the program PHYRE, online at http://www.sbg.bio.ic.ac.uk/phyre/ (67).
Fluorescence microscopy
Images were collected on an Olympus IX70 inverted fluorescence microscope with a ×100 N.A. 1.35 oil objective lens and a CoolSNAP HQ camera (Roper Scientific) using QED software (Media Cybernetics). Living cells from an asynchronous culture at early log phase were suspended in non-fluorescent medium and placed on an agarose pad as described (68) . Microtubules were visualized with CFP-Tub1 expressed from the TUB1 promoter integrated at the URA3 locus as described (25) using plasmid pAFS125C, a gift from D. Beach and K. Bloom (University of North Carolina, Chapel Hill). Dual fluorescence images were collected with an 86002bs v1 beam splitter cube (Chroma) to capture fluorescence from GFP and CFP sequentially. To image Arp1-tdimer2 CFP-Tub1 cells, we used a rhodamine filter cube and a CFP cube in sequence. Fluorescence intensities of microtubule plus ends and SPBs were measured and corrected for background fluorescence with ImageJ [(rsb.info.nih.gov/ij/, Wayne Rasband, National Institutes of Health (NIH)]. Pixels immediately adjacent to the region of interest were used for background subtraction as described (29) , with a macro written by Dennis Chuang and Brian Galletta in our laboratory.
Immunoprecipitation
Cells from a 20-mL overnight culture were suspended in 1 mL of cold lysis buffer (50 mM TrisHCl pH 8.0, 150 mM NaCl, 2 mM MgCl 2 , 0.2% Tween-20 and 0.5 m M DTT) with 20 μL yeast protease inhibitor cocktail, 10 mLof 100 mM phenylmethylsulphonyl fluoride (Sigma) and 0.5 mL acid-washed glass beads. Cells were lysed in a chilled minibeadbeater™ (Cole-Parmer) for 8 × 1 min, resulting in >95% lysis by phase contrast microscopy. Lysates were spun in a tabletop microcentrifuge at 13 200 r.p.m. for 15 min at 4°C, and the supernatant was spun at 50 000 r.p.m. in a Beckman TLA100.3 rotor (103 320 × g) for 1 h at 4°C. The protein content of the resulting high-speed supernatant was measured by Bradford assay (BioRad), and 2 mg of protein was mixed with 30 μL immunoglobulin G (IgG) Sepharose 6 fast-flow beads (Amersham Biosciences) for 2 h at 4°C. Beads were washed three times with 1 mL washing buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 2 mM MgCl 2 and 0.4% Tween-20) and three times with 1 mL lysis buffer without DTT. Bound proteins were eluted from the beads by adding 50 μL sodium dodecyl sulfate (SDS) loading buffer without reducing agent (to minimize dissociation of IgG chains) and boiling for 5 min. The supernatant was collected, and 2.5 μL β-mercaptoethanol was added.
For immunoblots, a pilot assay was performed to determine loading amounts. Ten microliters of each sample was applied to a 10% SDS-polyacrylamide gel, electrophoresed and transferred to a nitrocellulose membrane. The membrane was blocked with TTBS (50 mM Tris-HCl pH 8.0, 150 mM NaCl and 0.05% Tween-20) with 5% non-fat milk. The membrane was first probed with rabbit peroxidase-anti-peroxidase (Sigma) to visualize Nip100-TAP (the protein A region of the TAP tag binds rabbit IgG). The amount of each sample loaded on the gel was then adjusted so that every lane contained a similar amount of Nip100.
Antibodies and dilutions for immunoblots were as follows: rabbit anti-hemagglutinin (Invitrogen), 1:10 000, or rabbit peroxidase-anti-peroxidase, 1:200, for TAP-tagged Nip100; mouse monoclonal antibody 9E10 (Covance), 1:2000, for Arp10-myc and Yll049w-myc; rabbit anti-Cdc3 (a gift from Mark Longtine, Washington University, St Louis, MO, USA), 1:5000; rabbit anti-Jnm1, Unc52, (a gift from Kelly Tatchell, LSU Medical Center, Shreveport, LA, USA); affinity-purified rabbit anti-Cap2, R12 from our laboratory (69), 1:5000; rabbit anti-Arp1, R31 from our laboratory (2), 1:2000; goat anti-yeast actin/Act1, G2 from our laboratory (70), 1:5000, and affinity-purified rabbit anti-Yll049w, R1783 produced for this study, 1:1000. Secondary antibodies were horseradish peroxidase-conjugated goat anti-mouse (Jackson ImmunoResearch), goat anti-rabbit (Biosource) and donkey anti-goat (Santa Cruz Biotechnology) at 1:10 000. Signals were detected by enhanced chemiluminescence.
To produce antibodies against Yll049w, rabbits were immunized with purified His-tagged Yll049w protein and expressed in bacteria with pHis-Parallel2 (71). Antibodies were affinity purified from antisera with immunoblots (72) . Affinity-purified antibody did not detect Yll049w at its endogenous level, so we constructed a yeast strain that overexpressed Yll049w from a GAL1/10 promoter to test the specificity of the antibody. In whole-cell extracts from this strain, induced with galactose, only Yll049w was detected by immunoblot.
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Figure 1. Localization of dynactin in cells
Fluorescent-tagged forms of dynactin subunits are observed at plus ends of microtubules and at SPBs. The α-tubulin subunit Tub1 was tagged with CFP for colocalization in each strain. The width of each image is 5 μm. Strain numbers: yJC3891, Yll049w-3GFP; yJC4147, Nip100-3GFP; yJC5261, Jnm1-3GFP; yJC5389, Arp10-3GFP and yJC5400, Arp1-tdimer2. (n = 14) . The bottom panel is a control with budded cells expressing CFP-Tub1 and no mCitrine. Here, microtubule plus ends were identified in the CFP channel, and intensity was recorded in the mCitrine channel, n = 12. Strain numbers: Cse4-mCitrine, yJC5463; Jnm1-mCitrine CFP-Tub1, yJC5349 and CFP-Tub1, yJC3883.
Figure 4. Localization of dynactin subunits in null mutants
A diagram illustrates the molecular architecture of vertebrate dynactin, modified with permission from one by Trina Schroer (1) . On the bar graphs, the percentage of cells that display localization of a fluorescent-tagged subunit to a given location is plotted for different dynactin null mutants. The fluorescent-tagged subunits are A) p150 Glued /Nip100-3GFP, B) dynamitin/ Jnm1-mCitrine, C) Yll049w-3GFP, D) Arp10-3GFP and E) Arp1-tdimer2. Strain numbers were as follows: A) Wild-type yJC4147; arp1Δ, yJC4158; jnm1Δ, yJC4156; yll049wΔ, yJC4162 and arp10Δ, yJC5377. B) Wild-type yJC5349; arp1Δ, yJC5381; nip100Δ, yJC5385; yll049wΔ, yJC5387 and arp10Δ, yJC5383. C) Wild-type yJC3891; nip100Δ, yJC4166; arp1Δ, yJC4152; jnm1Δ, yJC4154 and arp10Δ, yJC5379. D) Wild-type yJC5389; arp1Δ, p150 Glued /Nip100-TAP was tagged at the endogenous locus in haploid wild-type and various mutant strains. A) Immunoblots of whole-cell lysates. The level of TAP-tagged p150 Glued / Nip100 is similar in wild-type and mutant cells. Dynamitin/Jnm1 is absent from the jnm1 mutant as expected. Cdc3 is a loading control. B) Immunoblots of high-speed supernatants, the S100 fraction, of the whole-cell lysates. The amount of p150 Glued /Nip100 is decreased in the jnm1 and yll049w mutants. C) Immunoblots of Nip100-TAP precipitates loaded so that each lane received similar amounts of Nip100. Dynamitin/Jnm1 and p24/Yll049w are important for the association of Arp1 and Arp10 with Nip100. Intensities of Cap2 and Act1 bands were not reproducibly above control (not shown). Arp10 and p24/Yll049w were tagged 
